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(57) ABSTRACT

A method for quantitatively analyzing cohesive failure of an
clectrode analyzes cohesive failure of an electrode and
includes preparing an electrode 1n which an electrode mate-
rial mixture layer including an electrode active material, a
conductive agent, and a binder 1s formed on a current
collector, measuring shear strength (o) data according to a
cutting depth while cutting the electrode material mixture
layer from a surface thereof until reaching the current
collector using a surface and interfacial cutting analysis
system (SAICAS), obtaining a regression curve ol shear
strength according to the cutting depth from the shear
strength (o) data, and determining a cutting depth, at which
the shear strength 1s minimum 1n the regression curve, as a
location of cohesive failure.
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METHOD FOR ANALYZING COHESIVE
FAILURE OF ELECTRODE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the priornity of Korean Patent
Application Nos. 10-2019-0101342 filed on Aug. 19, 2019

and 10-2020-0097112 filed on Aug. 4, 2020, in the Korean
Intellectual Property Ofhice, the disclosure of which 1is
incorporated herein by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

The present mvention relates to a method of analyzing
cohesive failure of an electrode, and more particularly, to a
method of analyzing cohesive failure of an electrode for a
lithium secondary battery.

Description of the Related Art

Recently, with the rapid spread of electronic devices using,
batteries, such as mobile phones, notebook computers, and
clectric vehicles, demand for secondary batteries with rela-
tively high capacity as well as small size and lightweight has
been rapidly increased. Particularly, since a lithium second-
ary battery 1s lightweight and has high energy density, the
lithium secondary battery 1s 1n the spotlight as a drniving
power source for portable devices. Accordingly, research
and development eflorts for improving performance of the
lithium secondary battery have been actively conducted.

In the lithium secondary battery 1n a state in which an
organic electrolyte solution or a polymer electrolyte solution
1s filled between a positive electrode and a negative elec-
trode which are respectively formed of active materials
capable of intercalating and deintercalating lithium 1ons,
clectrical energy 1s produced by oxidation and reduction
reactions when the lithhum 1ons are intercalated into or
deintercalated from the positive electrode and the negative
clectrode.

With respect to the electrode active material, a conductive
agent, and a current collector which constitute the electrode
of the lithtum secondary battery, bonding forces between the
components of the electrode may be increased by a polymer
binder, and an exfoliation phenomenon of the electrode may
be suppressed during coating, drying, and rolling processes
of the electrode. Also, output characteristics may be
improved by increasing electrical conductivity through the
conductive agent.

However, since an amount of the polymer binder having
insulator properties in a limited space of the electrode 1s
mimmized to increase capacity of the electrode, a problem
ol cohesive failure of an electrode material mixture layer
due to a decrease 1 binding force occurs. The cohesive
tailure 1s a phenomenon 1n which crack or exfoliation occurs
in the electrode material mixture layer because cohesion 1s
lost due to particle breakage or tearing between particle-
binder-particle when stress 1s applied to the electrode due to
expansion/contraction during charge and discharge cycles,
external i1mpact, etc., wherein battery performance 1is
degraded when the cohesive failure occurs.

Also, the cohesive failure of the electrode material mix-
ture layer may be caused by non-uniformity of the binder in
the electrode according to process conditions.
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Recently, a multilayer electrode, in which two or more
clectrode material mixture layers having different active
material types and contents, binder types and contents, etc.
are formed to control battery life characteristics, capacity,
and strength characteristics, has been developed, wherein,
with respect to the multilayer electrode, the cohesive failure
phenomenon may be 1ntensified at an interface between the
clectrode material mixture layers due to differences 1n
strengths of the different electrode active materials and
adhesion between each layer.

Life characteristics of the secondary battery are signifi-
cantly degraded when the cohesive failure occurs in the
clectrode material mixture layer. Thus, 1n order to prepare a
secondary battery with excellent quality characteristics, an
clectrode with little cohesive failure must be prepared, and,
for this purpose, there 1s a need to appropriately adjust a
composition of the electrode material mixture layer or
process conditions.

However, since there 1s no method of quantitatively
analyzing the cohesive failure of the electrode material
mixture layer to date, it 1s diflicult to improve the compo-
sition of the electrode material mixture layer or process
conditions so as to minimize the cohesive failure 1n an
clectrode preparation step.

PRIOR ART DOCUMENT

Patent Document

Japanese Patent Application Laid-open Publication No.
2013-062139

SUMMARY OF THE INVENTION

An aspect of the present invention provides a method
which may quantitatively analyze a location of cohesive
failure of an electrode 1n a preparation step of the electrode
without performing secondary battery preparation and bat-
tery characteristics evaluation steps.

According to an aspect of the present invention, there 1s
provided a method of analyzing cohesive failure of an
clectrode which includes: preparing an electrode 1n which an
clectrode material mixture layer including an electrode
active material, a conductive agent, and a binder 1s formed
on a current collector; measuring shear strength (o) data
according to a cutting depth while cutting the electrode
material mixture layer from a surface of the electrode until
reaching the current collector using a surface and interfacial

cutting analysis system (SAICAS); obtaining a regression
curve of shear strength according to the cutting depth from
the shear strength (o) data; determining a cutting depth, at
which the shear strength 1s minimum in the regression curve,
as a location of cohesive failure and optionally, adjusting a
composition of the electrode matenial mixture layer or
process conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings attached to the specification
illustrate preferred examples of the present invention by
example, and serve to enable technical concepts of the
present invention to be further understood together with
detailed description of the invention given below, and there-
fore the present mvention should not be interpreted only
with matters 1n such drawings.
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FIG. 1 1s a schematic view 1llustrating a process of cutting
an eclectrode material mixture layer using a surface and

interfacial cutting analysis system:;

FIG. 2 1s a graph 1llustrating shear strength data and a
regression curve according to Example 1;

FIG. 3 1s a graph 1llustrating shear strength data and a
regression curve according to Example 2; and

FIG. 4 1s a graph 1illustrating shear strength data and a
regression curve according to Example 3.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENT

(Ll

Hereinatiter, the present invention will be described in
more detail to allow for a clearer understanding of the
present invention. In this case, 1t will be understood that
words or terms used 1n the specification and claims shall not
be interpreted as the meaning defined 1n commonly used
dictionaries, and 1t will be further understood that words or
terms used 1n the specification and claims should be inter-
preted as having a meaning that 1s consistent with their
meaning in the context of the relevant art and the technical
idea of the invention, based on the principle that an inventor
may properly define the meaning of the words or terms to
best explain the invention.

A method of analyzing cohesive failure of an electrode of
the present invention includes the steps of: preparing an
clectrode 1n which an electrode material mixture layer
including an electrode active material, a conductive agent,
and a binder 1s formed on a current collector; measuring
shear strength (o) data according to a cutting depth by
obliquely cutting the electrode material mixture layer from
a surface thereof until reaching the current collector using a
surface and interfacial cutting analysis system (SAICAS);
obtaining a regression curve of shear strength according to
the cutting depth from the shear strength (o) data; deter-
mimng a cutting depth, at which the shear strength 1s
mimmum 1n the regression curve, as a location of cohesive
tallure and optionally, adjusting a composition of the elec-
trode material mixture layer or process conditions.

In the following, the method of analyzing cohesive failure
ol an electrode will be described 1n detail for each step.

(1) Electrode Preparing Step

First, an electrode, 1n which an electrode material mixture
layer including an electrode active material, a conductive
agent, and a binder 1s formed on a current collector, 1s
prepared.

The electrode may be a positive electrode or negative
clectrode for a lithium secondary battery.

The positive electrode may include a positive electrode
collector and a positive electrode material mixture layer
which 1s formed on the positive electrode collector and
includes a positive electrode active material, a conductive
agent, and a binder.

The positive electrode collector 1s not particularly limited
as long as 1t has conductivity without causing adverse
chemical changes in the battery, and, for example, stainless
steel, aluminum, nickel, titanium, fired carbon, or aluminum
or stainless steel that 1s surface-treated with one ot carbon,
nickel, titanium, silver, or the like may be used. Also, the
positive electrode collector may typically have a thickness
of 3 um to 300 um, and microscopic 1rregularities may be
tformed on a surface of the collector to improve adhesion of
the positive electrode active material. The positive electrode
collector, for example, may be used 1n various shapes such
as that of a film, a sheet, a fo1l, a net, a porous body, a foam
body, a non-woven fabric body, and the like.
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The positive electrode active matenial 1s not particularly
limited, but one typically used as a positive electrode active
material of a lithtum secondary battery may be used without
limitation, and, for example, a lithium transition metal oxide
including at least one transition metal cation selected from
the group consisting of cobalt (Co), mickel (N1), and man-
ganese (Mn) may be used. Specifically, the positive elec-
trode active material may include a layered compound such
as lithrum cobalt oxide (L1Co0O,) or lithium nickel oxide

(L1N10,), lithium manganese oxides such as L1, Mn,_ O,
(where n 1s 0 to 0.33), LiMnO,, LiMn,O,, and LiMnO,,
Ni-site type lithium nickel oxide represented by the chemi-
cal formula LiN1,__M" O, (where M“=Co, Mn, aluminum
(Al), copper (Cu), 1iron (Fe), magnesium (Mg), boron (B), or
gallium (Ga), and m=0.01 to 0.3), lithium manganese com-
posite oxide represented by the chemical formula LiMn,__
M” O, (where M”=Co, Ni, Fe, chromium (Cr), zinc (Zn), or
tantalum (Ta), and z=0.01 to 0.1) or L1, Mn,M“O, (where
M“=Fe, Co, N1, Cu, or Zn), spinel-structured lithium man-
ganese composite oxide represented by LiNiMn, O,
(where r=0.01 to 1), and a lithtum iron phosphate compound
(L1iFePQO,), but the positive electrode active material 1s not
limited thereto. Also, a lithium composite transition metal
oxide represented by the following Formula 1 may be
included as the positive electrode active material.

LigNt 1 p1-21C0 My, Q05,5 [Formula 1]

In Formula 1, Q 1s at least one element selected from the
group consisting of aluminum (Al), zirconium (Zr), titanium
(T1), magnesium (Mg), tantalum (Ta), niobium (Nb), molyb-
denum (Mo), and chromium (Cr), and 0.9=a=<1.3, 0<x1<0.5,
0<y1=0.5, O=z1=0.1, and -0.1=0=<1.0.

The conductive agent 1s used to provide conductivity to
the electrode, wherein any conductive agent may be used
without particular limitation as long as 1t has suitable
clectron conductivity without causing adverse chemical
changes in the battery. Specific examples of the conductive
agent may be graphite such as natural graphite or artificial
graphite; carbon based materials such as carbon black,
acetylene black, Ketjen black, channel black, furnace black,
lamp black, thermal black, and carbon fibers; powder or
fibers of metal such as copper, nickel, aluminum, and silver;
conductive whiskers such as zinc oxide whiskers and potas-
sium titanate whiskers; conductive metal oxides such as
titanium oxide; or conductive polymers such as polyphe-
nylene derivatives, and any one thereof or a mixture of two
or more thereof may be used. The conductive agent may be
typically included 1n an amount of 1 wt % to 30 wt % based
on a total weight of the positive electrode material mixture
layer.

The binder improves the adhesion between the positive
clectrode active material particles and the adhesion between
the positive electrode active material and the current col-
lector. Specific examples of the binder may be polyvi-
nylidene fluoride (PVDF), polyvinylidene fluonide-
hexatluoropropylene copolymer (PVDF-co-HFP), polyvinyl
alcohol, polyacrylonitrile, carboxymethyl cellulose (CMC),
starch, hydroxypropyl cellulose, regenerated cellulose, poly-
vinylpyrrolidone, polytetratluoroethylene, polyethylene,
polypropylene, an ethylene-propylene-diene monomer rub-
ber (EPDM rubber), a sulfonated EPDM, a styrene-butadi-
ene rubber (SBR), a fluorine rubber, or various copolymers
thereof, and any one thereol or a mixture of two or more
thereol may be used. The binder may be included 1n an
amount of 1 wt % to 30 wt % based on the total weight of
the positive electrode material mixture layer.
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The negative electrode may include a negative electrode
collector and a negative electrode material mixture layer
which 1s formed on the negative electrode collector and
includes a negative electrode active material, a conductive
agent, and a binder.

The negative electrode collector 1s not particularly limited
as long as 1t has high conductivity without causing adverse
chemical changes in the battery, and, for example, copper,
stainless steel, aluminum, nickel, titanium, fired carbon,
copper or stainless steel that 1s surface-treated with one of
carbon, nickel, titanium, silver, or the like, and an alumi-
num-cadmium alloy may be used. Also, the negative elec-
trode collector may typically have a thickness of 3 um to 500
um, and, similar to the positive electrode collector, micro-
scopic irregularities may be formed on the surface of the
collector to improve the adhesion of the negative electrode
active material. The negative electrode collector, for
example, may be used 1n various shapes such as that of a
film, a sheet, a foil, a net, a porous body, a foam body, a
non-woven lfabric body, and the like.

A compound capable of reversibly intercalating and
deintercalating lithium may be used as the negative elec-
trode active material. Specific examples of the negative
clectrode active material may be a carbonaceous material
such as artificial graphite, natural graphite, graphitized car-
bon fibers, and amorphous carbon; a metallic compound
alloyable with lithium such as silicon (S1), aluminum (Al),
tin (Sn), lead (Pb), zinc (Zn), bismuth (B1), indium (In),
magnesium (Mg), galllum (Ga), cadmium (Cd), a S1 alloy, a
Sn alloy, or an Al alloy; a metal oxide which may be doped
and undoped with lithrum such as S10,(0<(<2), SnO,,
vanadium oxide, and lithium vanadium oxide; or a compos-
ite including the metallic compound and the carbonaceous
material such as a S1—C composite or a Sn—C composite,
and anyone thereof or a mixture of two or more thereol may
be used. Also, a metallic lithium thin film may be used as the
negative electrode active material. Furthermore, both low
crystalline carbon and high crystalline carbon may be used
as the carbon material. Typical examples of the low crys-
talline carbon may be soft carbon and hard carbon, and
typical examples of the high crystalline carbon may be
irregular, planar, flaky, spherical, or fibrous natural graphite
or artificial graphite, Kish graphite, pyrolytic carbon, meso-
phase pitch-based carbon fibers, meso-carbon microbeads,
mesophase pitches, and high-temperature sintered carbon
such as petroleum or coal tar pitch derived cokes.

Also, the binder and the conductive agent may be the
same as those previously described in the positive electrode.

The electrode may be prepared according to a typical
method of preparing an electrode. Specifically, a composi-
tion for forming an electrode material mixture layer, which
includes the electrode active material, the binder, the con-
ductive agent, and a solvent, 1s coated on the electrode
collector, and the electrode may then be prepared by drying
and rolling the coated electrode collector.

The solvent may be a solvent normally used in the art, and
may include dimethyl sulfoxide (DMSQO), 1sopropyl alcohol,
N-methylpyrrolidone (NMP), acetone, or water, and any one
thereol or a mixture of two or more thereof may be used.

Also, as another method, the electrode may be prepared
by casting the composition for forming an electrode material
mixture layer on a separate support and then laminating a
film separated from the support on the electrode collector.

The preparing of the electrode may include forming a
multilayer electrode which includes forming a first electrode
material mixture layer including a first electrode active
material, a first conductive agent, and a first binder on a
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current collector, and forming a second electrode material
mixture layer imncluding a second electrode active material,
a second conductive agent, and a second binder on the first
clectrode material mixture layer.

The multilayer electrode may be a multilayer positive
clectrode or multilayer negative electrode for a lithium
secondary battery.

The first and second electrode active materials, the first
and second conductive agents, and the first and second
binders may be the same as the positive electrode active
material, the negative electrode active material, the conduc-
tive agents, and the binders which have been previously
described 1n the positive electrode and the negative elec-
trode, respectively. The first and second electrode active
materials forming the first and second electrode material
mixture layers may be the same or may be diflerent from
cach other.

For example, the first electrode active material and the
second electrode active matenal, as the negative electrode
active materials, may each include at least one selected from
the group consisting of natural graphite and artificial graph-
ite, and, more preferably, the first electrode active material

may 1nclude natural graphite, and the second electrode
active material may include artificial graphaite.

(2) Shear Strength Data Obtaining Step

Next, shear strength (o) data according to a cutting depth
are obtained by obliquely cutting the electrode material
mixture layer of the electrode from a surface thereof until
reaching the current collector using a surface and interfacial
cutting analysis system (SAICAS).

The surface and interfacial cutting analysis system (SA-
ICAS) includes a device 100 for obliquely cutting a coated
thin {ilm sample from a surface thereof to an interface using,
a blade, wherein it 1s a system that may measure a force
applied to the blade during a cutting process.

FIG. 1 1s a view 1illustrating a process of cutting an
clectrode material mixture layer using the surface and inter-
facial cutting analysis system (SAICAS). As illustrated 1n
FIG. 1, a blade 1 obliquely cuts an electrode material
mixture layer 20 formed on a current collector 10 at a
specific cutting angle 0 with respect to a surface. Ina case 1n
which the cutting i1s performed with a cutting angle as
described above, cutting 1s performed while the blade
descends diagonally 1n a depth direction of the electrode
material mixture layer. The cutting of the electrode material
mixture layer 1s performed until the blade reaches the
current collector.

In this case, the cutting angle 0 may be 1 a range of
greater than 0° to 10° or less, preferably 1° to 5.7°, and more
preferably 3° to 5.7°. Since the cutting angle 0 1s set within
the above range, measurement time may not only be short-
ened, but accuracy of the shear strength data may also be
improved.

Also, a running speed of the blade during the cutting of
the electrode material mixture layer may be 1in a range of
about 0.01 um/s to about 10 um/s 1 a horizontal direction
and about 0.001 um/s to about 1 um/s 1n a vertical direction.
Preferably, the running speed of the blade may be 1n a range
of 0.1 um/s to 1 um/s in the horizontal direction and 0.01
um/s to 0.1 um/s 1n the vertical direction, and may be more
preferably in a range 01 0.1 um/s to 0.5 um/s 1n the horizontal
direction and 0.01 um/s to 0.05 um/s 1n the vertical direction.
Since resolution of the shear strength data 1s improved by
adjusting the running speed of the blade within the above
range, a range ol minimum interval may be narrowly lim-
ited.
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The blade 1s not particularly limited as long as it has a
hardness higher than the electrode material mixture layer
and 1its shape 1s not deformed 1n a cutting process, and, for
example, the blade may be formed of a material, such as
diamond, cubic boron nitride (BN), steel, cermet, and
ceramic, and may more preferably be formed of cubic boron
nitride (BN).

The blade, for example, may have a width of 0.1 mm to
4 mm, for example, 0.3 mm to 1 mm.

If the surface and interfacial cutting analysis system
(SAICAS) 15 used, a horizontal force F, and a vertical force
F., which are applied to the blade 1n the cutting process, may
be measured. Thus, the horizontal force F, and the vertical
force F _, which are applied to the blade according to a
cutting depth t,, are measured using the surface and inter-
tacial cutting analysis system (SAICAS), and shear strength
(0) data according to the cutting depth may be obtained by
using the measured values.

Specifically, the shear strength (o) may be calculated by
the following Equation 1.

Frcos0sind — F,sin*0 [Equation ]

E‘JI{]

(r =

In Equation 1, o is the shear strength (N/mm?), F, is the
horizontal force (IN) applied to the blade which 1s measured
by the surface and interfacial cutting analysis system, F 1s
the vertical force (IN) applied to the blade which 1s measured
by the surface and interfacial cutting analysis system, 0 1s
the cutting angle (°), b 1s the blade width (mm), and t, 1s the
cutting depth (um).

(3) Regression Curve Obtaining Step

After obtaining the shear strength data according to the
cutting depth by the above processes, a regression analysis
1s performed on the shear strength data to obtain a regression
curve. Fluctuation due to deformation of electrode particles
exists 1n the shear strength (o) data previously obtained by
Equation 1 using the surface and interfacial cutting analysis
system (SAICAS). A mimimum interval 1n the shear strength
(0) data may be clearly and simply selected by simplifying
the shear strength data through the regression analysis.

In this case, the regression curve may be obtained through
polynomial regression, and, more specifically, may be
obtained by using a fourth-order polynomial regression
equation represented by Equation 2 below. In this case,
x-ax1s of the regression curve represents the cutting depth,
and y-axis represents the shear strength.

O=Ag+A4,d Asd°+A d°+A4 ,d° [Equation 2]

In Equation 2, o is the shear strength (N/mm?), A,, as
shear strength when the cutting depth 1s O um, 1s a positive
number, A, A,, A;, and A, are constants obtained by the
polynomial fourth-order equation, and d 1s the cutting depth
(Hm)

(4) Cohesive Failure Location Determining Step

A location of cohesive failure may be 1dentified from the
regression curve obtained in step (3). Specifically, a cutting
depth, at which the shear strength 1s mimmum in the
regression curve, 1s determined as the location of cohesive
tailure.

In a particle-based coating layer such as the electrode for
a lithium secondary battery electrode, a binding force
between particles 1s reflected 1n a shear strength value, and
a frictional force of the blade 1s less reflected. That 1s, the
shear strength reflects resistance felt when peeling the
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clectrode. Thus, there 1s a high probability that cohesive
failure occurs at a portion with the lowest shear strength.
Theretfore, the cutting depth, at which the shear strength 1s
minimum, may be determined as the location of cohesive
failure.

Since the cutting depth has the same value as a depth 1n
a direction of the current collector from the surface of the
clectrode material mixture layer, the cutting depth may be

determined as an electrode depth.

According to the analysis method of the present inven-
tion, the location where the cohesive failure occurs may be
quantitatively evaluated, and the composition of the elec-
trode material mixture layer or process conditions of pro-
ducing the electrode may be adjusted by predicting physical
properties of the electrode based on the quantified location
of cohesive failure. For example, 1n a case in which the
location of cohesive failure is close to a surface side of the
clectrode, there 1s a high possibility that low-voltage char-
acteristics are degraded due to extoliation of the active
material. Thus, 1n the case that the location of cohesive
fallure measured according to the analysis method of the
present invention 1s near the surface of the electrode,
improvement measures, such as an increase 1n binder con-
tent 1n the electrode material mixture layer or changes in
process conditions, may be derived.

Hereinatter, examples of the present mvention will be
described 1n detail in such a manner that 1t may easily be
carried out by a person with ordinary skill in the art to which
the present invention pertains. The invention may, however,
be embodied 1n many different forms and should not be
construed as being limited to the examples set forth herein.

Example 1

Natural graphite as a negative electrode active matenal,
carbon black as a conductive agent, and a carboxylmethyl
cellulose (CMC) and a styrene butadiene rubber (SBR), as
a binder, were added at a weight ratio 01 96.5:0.5:1.0:2.0 to
distilled water and then mixed to prepare a negative elec-
trode slurry (solid content: 40 wt %). One surface of a
copper current collector was coated with the negative elec-
trode slurry, dried at 100° C., and then rolled to prepare a
negative electrode (current collector 10 um, negative elec-
trode material mixture layer 80 um).

For the negative electrode prepared as described above,
alter a blade was positioned parallel to a surface of an
clectrode material mixture layer until 0.03 N of vertical
force was applied by using a surface and interfacial cutting
analysis system (SAICAS, SAICAS-DN, Dipla Wintes,
Japan), a horizontal force and a vertical force, which were
applied to the blade, were measured while cutting was
performed by advancing the cubic boron nitride blade at a
horizontal velocity of 0.5 um/s and a vertical velocity of 0.05
um/s (cutting angle 5.7°) in a constant velocity mode, and
shear strength (o) according to a cutting depth was calcu-
lated using the following Equation 1. Shear strength data
calculated were illustrated in FIG. 2.

Fcos8sinf — F,sin*0 [Equation 1]

b1,

(ir =

In Equation 1, o is the shear strength (N/mm?), F, is the
horizontal force (IN) applied to the blade which 1s measured
by the surface and interfacial cutting analysis system, F_ 1s
the vertical force (N) applied to the blade which 1s measured
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by the surface and interfacial cutting analysis system, O 1s
the cutting angle (°), b 1s a blade width (mm), and t, 1s the
cutting depth (um).

The shear strength (o) data obtained were simplified by
using a fourth-order polynomial regression equation repre-
sented by the following Equation 2 to obtain a regression
curve. The regression curve was illustrated in FIG. 2.

o=Ay+A4,d A>d°+Ad+A4 ,d° [Equation 2]

In Equation 2, o is the shear strength (N/mm~), A,, as
shear strength when the cutting depth 1s O um, 1s a positive
number, A,, A,, A,, and A, are constants obtained by the
polynomial fourth-order equation, and d 1s the cutting depth

(um).

Example 2

Natural graphite as a negative electrode active material,

carbon black as a conductive agent, and a carboxylmethyl
cellulose (CMC) and a styrene butadiene rubber (SBR), as

a binder, were added at a weight ratio of 95.35:0.5:1.15:3.0
to distilled water and then mixed to prepare a first negative
clectrode slurry (solid content: 40 wt %).

Artificial graphite as a negative electrode active material,
carbon black as a conductive agent, and a carboxylmethyl
cellulose (CMC) and a styrene butadiene rubber (SBR), as
a binder, were added at a weight ratio of 97.45:0.5:1.15:0.9
to distilled water and then mixed to prepare a second
negative electrode slurry (solid content: 40 wt %).

After one surface of a copper current collector was coated
with the first negative electrode slurry, the second negative
clectrode slurry was coated thereon, dried at 100° C., and
then rolled to prepare a negative electrode (current collector
10 um, first negative electrode material mixture layer 40 um,
second negative electrode material mixture layer 40 um).

For the negative electrode prepared as described above,
shear strength data and a regression curve were obtained 1n
the same manner as 1 Example 1 by performing cutting
using the surface and interfacial cutting analysis system
(SAICAS, SAICAS-DN, Dipla Wintes, Japan), and the

results thereof are presented in FIG. 3.

Example 3

Artificial graphite as a negative electrode active material,
carbon black as a conductive agent, and a carboxylmethyl
cellulose (CMC) and a styrene butadiene rubber (SBR), as
a binder, were added at a weight ratio of 95.35:0.5:1.13:3 to
distilled water and then mixed to prepare a first negative
clectrode slurry (solid content: 40 wt %).

Artificial graphite as a negative electrode active material,

carbon black as a conductive agent, and a carboxylmethyl
cellulose (CMC) and a styrene butadiene rubber (SBR), as

a binder, were added at a weight ratio of 97.45:0.5:1.15:0.9
to distilled water and then mixed to prepare a second
negative electrode slurry (solid content: 40 wt %).

After one surface of a copper current collector was coated
with the first negative electrode slurry, the second negative
clectrode slurry was coated thereon, dried at 100° C., and
then rolled to prepare a negative electrode (current collector
10 um, first negative electrode material mixture layer 40 um,
second negative electrode material mixture layer 40 um).

For the negative electrode prepared as described above,
shear strength data and a regression curve were obtained 1n
the same manner as in Example 1 by performing cutting,
using the surface and interfacial cutting analysis system
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(SAICAS, SAICAS-DN, Dipla Wintes, Japan), and the
results thereof are presented 1n FIG. 4.

Experimental Example: Electrode Peecling Test

Peeling tests were performed on the negative electrodes
prepared 1 Examples 1 to 3 using TA-303A (Texture
technologies) under conditions including 90° peel, 300
mm/s, and a tape width of 20 mm to measure a remaining
thickness of the electrode after peeling, and a depth at which
the peeling occurred was measured therefrom. Measurement
results are presented in Table 1. Also, for comparison,
locations of cohesive failure, which were obtained from the
regression curves of FIGS. 2 to 4, are listed in Table 1.
Referring to FIGS. 2 to 4, with respect to Example 1 and
Example 3, it may be confirmed that minimum values of
shear strength were obtained when the cutting depths 1n the
regression curves were about 76 um and about 73 um,
respectively, and, with respect to Example 2, a minimum
value of shear strength was obtained when the cutting depth
in the regression curve was about 24 um.

TABLE 1
Location of cohesive
Remaining thickness Peeling failure shown in
of electrode after depth regression curve
peeling (pm) (um)  (cutting depth) (pm)
Example 1 5 (negative electrode 75 76
material mixture layer) +
10 (current collector)
Example 2 58 (negative electrode 24 24
material mixture layer) +
10 (current collector)
Example 3 7 (negative electrode 73 73
material mixture layer) +

10 (current collector)

Referring to Table 1, 1t may be confirmed that the loca-
tions ol cohesive failure, which were measured by the
analysis method of the present invention, and the actual
locations where peeling occurred 1n the peeling tests were
almost 1dentical.

According to the present invention, a location of cohesive
failure of an electrode may be quantitatively predicted 1n a
preparation step of the electrode without performing sec-
ondary battery preparation and battery characteristics evalu-
ation steps. As described above, a composition of the

clectrode and process conditions may be more efliciently
improved by i1dentifying the location of cohesive failure of
the electrode in the preparation step of the electrode and
identifving a cause of the cohesive failure.

What 1s claimed 1s:
1. A method of analyzing cohesive failure of an electrode,
the method comprising:

preparing an electrode mm which an electrode material
mixture layer imncluding an electrode active matenal, a
conductive agent, and a binder 1s formed on a current
collector;

obtaining shear strength (o) data according to a cutting
depth by obliquely cutting the electrode material mix-
ture layer from a surface of the electrode until reaching
the current collector using a surface and interfacial
cutting analysis system (SAICAS);

obtaining a regression curve ol shear strength according
to the cutting depth from the shear strength (o) data;
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determining a cutting depth, at which the shear strength 1s
minimum 1n the regression curve, as a location of
cohesive failure; and

adjusting a composition of the electrode material mixture

layer or process conditions based on the determined
location of cohesive failure.

2. The method of claim 1, wherein the electrode material
mixture layer 1s obliquely cut at a cutting angle of greater
than 0° to 10° or less.

3. The method of claim 1, wherein a running speed of a
blade during the cutting of the electrode material mixture

layer 1s 1 a range of 0.01 um/s to 10 um/s 1n a horizontal

direction and 0.001 um/s to 1 um/s 1n a vertical direction.
4. The method of claim 1, wherein the shear strength (o)

data according to the cutting depth 1s calculated by Equation
1:

F,cosfsing — F,sin*# [Equation 1]

bﬁ]

ir —

wherein, in Equation 1, o is shear strength (N/mm?), F,
1s a horizontal force (N) applied to a blade which 1s
measured by the (SAICAS), F  1s a vertical force (IN)
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applied to the blade which 1s measured by the (SA-
ICAS), 0 1s a cutting angle (°), b 1s a blade width (mm),
and t, 1s a cutting depth (um).

5. The method of claim 1, wherein the regression curve of
the shear strength according to the cutting depth 1s obtained
by performing a fourth-order polynomial regression analysis
on the shear strength data.

6. The method of claim 1, wherein the preparing of the
clectrode comprises forming a multilayer electrode which
includes forming a first electrode material mixture layer
including a first electrode active material, a first conductive
agent, and a first binder on a current collector, and forming
a second electrode material mixture layer including a second
clectrode active material, a second conductive agent, and a
second binder on the first electrode material mixture layer.

7. The method of claim 6, wherein the first electrode
active material and the second electrode active material
comprise at least one selected from the group consisting of
natural graphite and artificial graphite.

8. The method of claim 1, wherein the adjusting a
composition of the electrode maternial mixture layer or
process conditions based on the determined location of
cohesive failure comprises increasing binder content 1n the
clectrode material mixture layer.
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